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(57) ABSTRACT

A method for detecting compounds of interest 1 bodily
fluids, including exhaled breath and blood. The present
invention uses biosensors that mimic naturally occurring
cellular mechanisms, including RNA oligonucleotide chains
or “aptamers,” 1n combination with molecular beacons or
nanotechnology to provide an effective and efficient method
for diagnosing a condition and/or disease within a patient.
The subject mnvention also provides a method for screening
those analytes/biomarkers likely to be present in exhaled
breath.
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APPLICATION OF BIOSENSORS FOR
DIAGNOSIS AND TREATMENT OF DISEASE

GOVERNMENT SUPPORT

The subject matter of this application has been supported
by a research grant from the National Science Foundation

(Grant Number NSF: EEC 02-10580). Accordingly, the
government may have certain rights in this invention.

BACKGROUND OF INVENTION

I

There 1s a great need for the development of efficient and
accurate methods related to the detection and identification
of chemical and biological agents (hereinafter “analyte’)
including, but not limited to, nucleic acids, proteins, 1illicit
drugs, explosives, toxins, pharmaceuticals, carcinogens,
poisons, allergens, and infectious agents. Current methods
of detecting analytes require extraction of a sample into
organic solvents, followed by analysis using stand alone
analytical systems such as gas-liquid chromatography and/
or mass spectroscopy. These methods are time-consuming
and often expensive. The development of a biosensor device
that could accurately and efficiently detect/screen for chemi-
cal and biological agents would therefore provide a signifi-
cant cost and time benefit.

Three recent advancements 1n medicine are particularly
germane to expanding the potential of detecting analytes, 1n
particular with regard to the diagnosis and treatment of
disease: nanotechnology, biodetectors (biosensors), and the
identification of biomarkers for specific diseases and/or
conditions. Nanotechnology, in particular nanoparticles,
offers many advantages when used for applications such as
the delivery of bioactive agents (i.e., DNA, AIDS drugs,
gene therapy, immunosuppressants, chemotherapeutics),
and drug uptake and degradation (i.e., enzyme encapsula-
tion). For example, nanoparticles have been proposed as
providing site-specific distribution of drugs to, and minimi-
zation of loss from, a target site. Appropriately sized par-
ticles have been proposed wherein such particles can be
delivered to selected tissues to release their drug load 1n a
controlled and sustained manner.

The term “biodetectors” or “biosensors” relates to the use
of naturally occurring and synthetic compounds as highly
specific and extraordinarily sensitive detectors of various
types of molecules and markers of disecase. Biosensor manu-
facture mimics the naturally occurring mechanisms of DNA,
RNA, and protein synthesis in cells.

Aptamers have recently been 1dentified as potentially
elffective biosensors for molecules and compounds of sci-
entific and commercial interest (see Brody, E. N. and L.
Gold, “Aptamers as therapeutic and diagnostic agents,” J.
Biotechnol., 74(1):5-13 (2000) and Brody et al., “The use of
aptamers 1n large arrays for molecular diagnostics,” Mol
Diagn., 4(4):381-8 (1999)). For example, aptamers have
demonstrated greater specificity and robustness than anti-
body-based diagnostic technologies. In contrast to antibod-
ies, whose 1dentification and production completely rest on
animals and/or cultured cells, both the identification and
production of aptamers takes place in vitro without any
requirement for animals or cells. Aptamer synthesis 1s far
cheaper and reproducible than antibody-based diagnostic
tests. Aptamers are produced by solid phase chemical syn-
thesis, an accurate and reproducible process with consis-
tency among production batches. An aptamer can be pro-
duced 1n large quantities by polymerase chain reaction
(PCR) and once the sequence is known, can be assembled
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from mdividual naturally occurring nucleotides and/or syn-
thetic nucleotides. Aptamers are stable to long-term storage
at room temperature, and, 1f denatured, aptamers can easily
be renatured, a feature not shared by antibodies. Further-
more, aptamers have the potential to measure concentrations
of ligand 1n orders of magnitude lower (parts per trillion or
even quadrillion) than those antibody-based diagnostic tests.
These 1inherent characteristics of aptamers make them attrac-
tive for diagnostic applications.

A number of “molecular beacons” (often fluorescence
compounds) can be attached to aptamers to provide a means
for signaling the presence of and quantifying a target ana-
lyte. For 1nstance, an aptamer specific for cocaine has
recently been synthesized (Stojanovic, M. N. et al,,
“Aptamer-based folding fluorescent sensor for cocaine,” J.
Am. Chem. Soc., 123(21):4928:31 (2001)). A fluorescence
beacon, which quenches when cocaine is reversibly bound
to the aptamer 1s used with a photodetector to quantify the
concentration of cocaine present. Aptamer-based biosensors
can be used repeatedly, in contrast to antibody-based tests
that can be used only once.

Of particular interest as a beacon are amplifying fluores-
cent polymers (AFP). AFPs with a high specificity to TNT
and DNT have been developed. Interestingly, a detector
based on AFP technology also detects propofol, an intrave-
nous anesthetic agent, in extremely low concentration. The
combination of AFP and aptamer technologies holds the
promise of robust, reusable biosensors that can detect com-
pounds 1n minute concentrations with high specificity.

The term “biomarker” refers to a specific biochemical 1n
the body that has a particular molecular feature to make 1t
uselul for diagnosing and measuring the progress of disease
or the effects of treatment. For example, common metabo-
lites or biomarkers found in a person’s breath, and the
respective diagnostic condition of the person providing such
metabolite include, but are not limited to, acetaldehyde
(source: ethanol, X-threonine; diagnosis: intoxication),
acetone (source: acetoacetate; diagnosis: diet/diabetes),
ammonia (source: deamination of amino acids; diagnosis:
uremia and liver disease), CO (carbon monoxide) (source:
CH,Cl,, elevated % COHb; diagnosis: indoor air pollution),
chloroform (source: halogenated compounds), dichloroben-
zene (source: halogenated compounds), diethylamine
(source: choline; diagnosis: intestinal bacterial overgrowth),
H (hydrogen) (source: intestines; diagnosis: lactose intoler-
ance), 1soprene (source: fatty acid; diagnosis: metabolic
stress), methanethiol (source: methionine; diagnosis: intes-
tinal bacterial overgrowth), methylethylketone (source: fatty
acid; diagnosis: indoor air pollution/diet), O-toluidine
(source: carcinoma metabolite; diagnosis: bronchogenic car-
cinoma), pentane sulfides and sulfides (source: lipid peroxi-
dation; diagnosis: myocardial infarction), H,S (source:
metabolism; diagnosis: periodontal disease/ovulation), MeS
(source: metabolism; diagnosis: cirrhosis), and Me,S
(source: infection; diagnosis: trench mouth).

Mechanisms of drug metabolism are extremely complex
and are mnfluenced by a number of factors including com-
petitive binding on protemn and red blood cells with other
molecules, enzymatic activity, particularly in the liver, pro-
tein, and red blood cell concentration and a myriad of other
factors. Exhaled breath holds the promise of a diagnostic
technique, which can measure drug concentration real-time
and thereby allow convenient determination of pharmaco-
kinetics and pharmacodynamics of multiple compounds 1n
real-time.

Accordingly, there are a number of medical conditions
that can be monitored by detecting and/or measuring biom-
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arkers present 1 a person’s breath and other bodily fluids.
While there has been technology generated towards the

synthesis and use of aptamers and other multimolecular
devices as biosensors, there exists little technology that
address the use of exhaled breath 1n conjunction with
apatmers as biosensors for the diagnosis and treatment of
disease or as detectors for a wide range of naturally occur-
ring and synthetic compounds. It 1s therefore desirable to
provide a low-cost means for accurately and timely detect-
ing and/or measuring the presence of metabolites 1n a
person’s bodily fluids m low concentrations via non-inva-
sive methods. Further, in order to effectively apply exhaled
breath sensing technology, there 1s a pressing need for an
efficient screening method for determining which analytes/
biomarkers are likely to be detectable in exhaled breath.

BRIEF SUMMARY

The present invention provides unique methods for
detecting analytes/biomarkers of interest in bodily fluids.
The 1nvention utilizes aptamers, highly specific nucleic
acid-based ligands, to non-invasively detect drugs, biomar-
kers, and other analytes 1n extremely low concentrations in
cxhaled breath and other bodily fluids. The invention
includes aptamers attached to “molecular beacons” to pro-
vide a means for detecting and quantifying virtually any
compound of interest 1n exhaled breath. The invention
further includes aptamers 1n combination with nanotechnol-
ogy (1.e., nanotubes) to provide an effective method for
signaling the presence of a target analyte 1n bodily fluids,
including but not limited to the blood.

In one embodiment, the present invention provides a
method for analyzing analytes/biomarkers 1in exhaled breath
using an aptamer attached directly to a volatile or “surro-
gate” biomarker. Volatile or “surrogate” biomarkers include
substances and compounds that can be detected by various
means. Volatile biomarkers become volatile after the
aptamer attaches to the specific/target biomarker for which
it was made. In a preferred embodiment, the volatile biom-
arker contains an amplifying fluorescent polymer (AFP).

In another embodiment, the present invention provides a
method for analyzing analytes/biomarkers 1 bodily fluids,
including blood, using a biosensor that includes a nanotube
and an aptamer. The nanotube comprises a hollow tubular
body defining an inner void, comprising a first end and a
second end, and a volatile or “surrogate” biomarker con-
tained within the hollow tubular body. In a preferred
embodiment, the first end of the tubular body 1s open and a
first end cap bound to an aptamer 1s positioned over the first
open end to close the first end. The second end of the tube
1s closed or similarly capped as the first end.

According to the present invention, nanotubes containing
volatile or “surrogate” biomarkers are provided that release
the volatile or “surrogate” biomarkers from the nanotube
under a variety of conditions to diagnose and/or treat a
disease. In a preferred embodiment, an aptamer 1s designed
for a biomarker of prostate cancer. Prostate cancers produce
a protein, prostate specific antigen (PSA). An aptamer could
be designed that is specific for PSA (PSA-aptamer). The
PSA-aptamer can be attached to an end cap that fits on the
end of a nanotube. A rapid test for the presence of prostate
cancer, or a recurrence, could be developed where the
volatile or “surrogate” biomarker 1s released from the nano-
tube after PSA (the biomarker of interest) interacts with the
PSA-aptamer and “uncaps” the nanotubes. Using any of a
number of previously disclosed detector technologies, the
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volatile biomarker 1s detected 1in exhaled breath, which
indicates the presence of PSA 1n the blood.

Biosensing exhaled breath utilizing methods disclosed
herein can be applied to a wide range of point of care (POC)
diagnostic tests. For example, potential applications include
detection of licit and 1llicit drugs, detection of a wide range
of biomarkers related to specific diseases, and detection of
any other compounds that appear in blood or other bodily
fluids. These tests can be highly quantitative with the
quantity of volatile or “surrogate” biomarker released/de-
tectable being proportional to the quantity of a target com-
pound 1n a sample of bodily fluid.

Moreover, exhaled breath detection using the method of
the present invention can evaluate the efficacy of interven-
tions 1n real-time. For example, 1t 1s known that 1soprostane
levels increase 1n cerebral spinal fluid and blood after
traumatic brain mnjury. If 1soprostane 1s readily detectable in
cxhaled breath by using an 1soprostane specific biosensor
according to the present invention, it can be possible to
evaluate the efficacy of interventions in real-time for treating
traumatic brain 1njury. In addition, the method of the present
invention can also evaluate pharmacodynamics and phar-
macokinetics for drug interventions in individuals.

The present invention also provides an effective and
efficient method for screening analytes/biomarkers likely to
be detectable 1n exhaled breath. Presently, it 1s unclear how
often and to what extent disease specific biomarkers are
present in exhaled breath. An embodiment of the present
invention includes a screening process employing human
blood placed 1in small vials to provide a cost-efiective means
fo screen a wide variety of samples in conjunction with
standard diagnostic equipment.

In a preferred embodiment, biomarkers detectable 1n
exhaled breath are screened by the following steps: (1)
providing samples of human blood free of potential biom-
arkers or including potential biomarkers, (2) incubating the
blood samples at body temperature, and (3) measuring the
concentration of a biomarker 1 whole blood, plasma, an
ultrafiltrate, and/or 1n headspace. Preferably, a target biom-
arker 1s added to vials containing a small amount of blood
in concentrations 1n the range likely to be found 1 vivo. The
sample vials are incubated at body temperature and the
concentration of the target biomarker 1n whole blood,
plasma, in an ultrafiltrate, and in headspace are measured
using conventional quantitative devices, such as LC-MS
(liquid chromatography-mass spectroscopy) which 1is
capable of measuring concentrations in parts per trillion.
Free biomarkers/analytes (in ultrafiltrate) should be in equi-
librrum with biomarkers/analytes present 1n headspace. Tar-
get biomarkers present in headspace can be identified as
those likely to be present in exhaled breath. The screening
methodology according to the subject invention enables the
production of a vast library of drugs, biomarkers, and other
analytes likely to be present m bodily fluids.

In another embodiment, the screening method according
to the present invention can include providing blood speci-
mens from patients with known diseases (i.e., Alzheimer’s
disease, multiple sclerosis) and screening the specimens for
the presence of biomarkers 1 blood components and

exhaled breath.

DETAILED DISCLOSURE

The present invention provides a method for detecting
biological conditions through noninvasive analysis of bodily
fluid samples, including exhaled breath and blood. The
present invention also includes methods for screening those
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analytes/biomarkers and their concentrations likely to be
present 1n exhaled breath. A focus of the present mnvention
1s on the detection of analytes/biomarkers in an individual’s
bodily fluids indicative of conditions or diseases such as
intoxication, cancer, renal failure, liver disease, or diabetes.

Definitions

Generally, according to the present invention, aptamers
are utilized to detect whether there exist certain analytes/
biomarkers within a subject fluid sample. The term
“aptamer,” as used herein, refers to an oligonucleotide chain
that has a specific binding afhinity for a target compound or
molecule of mterest. Aptamers 1include nucleic acids that are
identified from a candidate mixture of nucleic acids.

The term “molecular beacon,” as used herein, refers to a
molecule or group of molecules (i.¢., a nucleic acid molecule
hybridized to an energy ftransfer complex or
chromophore(s)) that can become detectable and can be
attached to an aptamer under preselected conditions.

As used herein, “biomarkers” refer to naturally occurring
or synthetic compounds, which are a marker of a disease
state or of a normal or pathologic process that occurs 1n an
organism (i.e., drug metabolism). The term “analyte,” as
used herein, refers to any substance, including chemaical and
biological agents such as nucleic acids, proteins, 1illicit
drugs, explosives, toxins, pharmaceuticals, carcinogens,
poisons, allergens, and infectious agents, that can be mea-
sured 1n an analytical procedure.

The term “volatile or ‘surrogate’ biomarker,” as used
herein, refers to a molecule or compound that 1s detectable
by means of 1ts physical or chemical properties as an
indication that a target analyte/biomarker 1s present 1 a
patient’s body. Such volatile or “surrogate” biomarkers
preferably include olfactory markers (odors) that are detect-
able 1n exhaled breath or by a number of sensor technologies
including, for example, AFPs. Volatile or “surrogate” biom-
arkers can be detected using a method according to the
subject invention or by devices and methods known 1n the
art including, but not limited to, gas chromatography, elec-
tronic noses, spectrophotometers to detect the volatile biom-
arker’s infrared (IF), ultraviolet (UV), or visible absorbance
or fluorescence, or mass spectrometers to detect character-
1stic mass display of a “surrogate” biomarker.

Aptamer Technology

The present invention preferably utilizes aptamers to
non-invasively detect drugs, biomarkers, and other analytes
in exhaled breath and other bodily fluids, such as blood. In
one embodiment, the 1nvention includes aptamers attached
to “molecular beacons” to provide a means for detecting and
quantifying virtually any compound of interest 1n exhaled
breath. In another embodiment, the invention includes
aptamers in combination with nanotechnology (i.e., nano-
tubes) to provide an effective method for signaling the
presence of a target analyte in bodily fluids, particularly in
blood.

The discovery of the SELEX™ (Systematic Evolution of
Ligands by EXponential enrichment) process enabled the
identification of aptamers that recognize molecules other
than nucleic acids with high affinity and specificity (Elling-
ton and Szostak, “In vitro selection of RNA molecules that
bind specific ligands,” Nature, 346:818-822 (1990); Gold et
al., “Diversity of oligonucleotide functions,” Ann. Rev. Bio-
chem., 64:763-797 (1995);, Tuerk and Gold, “Systematic
evolution of ligands by exponential enrichment —RNA
ligands to bacteriophage-T4 DNA-polymerase,” Science,
249:505-510 (1990)). Aptamers have been selected to rec-

ognize a broad range of targets, including small organic
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molecules as well as large proteins (Gold et al., supra.;
Osborne and Ellington, “Nucleic acid selection and the

challenge of combinatorial chemistry,” Chem. Rev,
97:349-370 (1997)).

The aptamers derived from the SELEX process, as
described 1n U.S. Pat. No. 5,475,096; U.S. Pat. No. 5,270,

163; and WO 91/19813, may be uftilized 1n the present
invention. These patents describe a method for making
aptamers, each having a unique sequence and the property of
binding specifically to a desired target compound or mol-
ecule. The SELEX process 1s based on the insight that
nucleic acids have sufficient capacity for forming a variety
of two- and three-dimensional structures and suilicient
chemical versatility available within their monomers to act
as ligands (form specific binding pairs) with virtually any
chemical compound, whether monomeric or polymeric.
Molecules of any size or composition can serve as targets.
Sec also Jayasena, S., “Aptamers: An Emerging Class of
Molecules That Rival Antibodies for Diagnostics,” Clinical
Chemistry, 45:9, 1628-1650 (1999).

Certain types of aptamer that can be used 1n the present
mvention 1mnclude those described 1n U.S. Pat. No. 5,656,739
(hereinafter the *739 patent), which discloses the advantages
of synthetic oligonucleotides as assembly templates. The
’739 patent describes nucleic acids as particularly useful
assembly templates because they can be selected to speciii-
cally bind nonoligonucleotide target molecules with high
affinity (e.g., Tuerk and Gold (1990), supra), and because
they can hybridize by complementary base pairing. Both
forms of recognition can be programmably synthesized 1n a
single molecule or hybridized mto a single discrete struc-
ture.

Molecular Beacons

In an embodiment of the present invention, molecular
beacons are attached to aptamers to provide a means for
signaling and quantifying detected target analytes/biomark-
ers 1n exhaled breath. Molecular beacons, for example,
employ fluorescence resonance energy transier-based meth-
ods to provide fluorescence signals 1n the presence of a
particular analyte/biomarker of interest (see Stojanovic, M.
et al., “Aptamer-Based Folding Fluorescent Sensor for
Cocaine,” J. Am. Chem. Soc., 123:4928—-4931 (2001)). The
aptamer acts as a sensor to detect the presence of a specific
target analyte/biomarker. Upon detection of the analyte/
biomarker, the aptamer communicates with a molecular
beacon to generate a detectable signal.

Similarly, amplifying fluorescent polymers (AFPs) can be
utilized 1n the present invention. An AFP 1s a polymer
containing several chromophores that are linked together. As
opposed to 1solated chromophores that require 1:1 interac-
fion with an analyte 1n conventional fluorescence detection,
the fluorescence of many chromophores 1n an AFP can be
influenced by a single molecule. For example, a single
binding event to an AFP can quench the fluorescence of
many polymer repeat units, resulting in an amplification of
the quenching. Quenching is a process which decreases the
intensity of the fluorescence emission.

Molecular beacons and AFPs, including their methods for
preparation, that can be used in the present mmvention are
described 1n numerous patents and publications, mncluding
U.S. Pat. No. 6,261,783 and Fisher, M. et al., “A Man-
Portable Chemaical Sniffer Utilizing Novel Fluorescent Poly-
mers for Detection of Ultra-Trace Concentrations of Explo-
sives Emanating from Landmines,” Paper from the 4%
International Symposium on “Technology and the Mine
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Problem” held at the Naval Postgraduate School 1n
Monterey, Calif., on Mar. 12-16, 2000, Nomadics, Inc.

Nanotechnology

Nanoparticle-based delivery systems offer the potential
for controlled release of a signal upon detection of a target
analyte/biomarker 1n bodily fluids. The present invention
provides a unique method for diagnosing a condition and/or
disease 1n a patient by utilizing a nanoparticle-based bio-
sensor that includes nanoparticles, aptamers, and volatile or
“surrogate” biomarkers. Nanoparticles are preferably in the
form of tubular bodies (“nanotubes™). Nanotubes can be
produced 1n a wide range of sizes and composed of a wide
range of materials, or combination of materials, optimized
for 1n-vivo delivery. Preferably, nanotubes intended for
in-vivo use are of a length less than 500 nm and a diameter
less than 200 nm. Because of concerns over occlusion of
blood flow at the microvasculature level, it 1s important not
to make nanoparticles too large for intravenous applications.

A number of patents and publications describe nanotube
technology. For example, U.S. Pat. No. 5,482,601 to Ohs-
hima et al. describes a method for producing carbon nano-
tubes. Other methods for making and using nanotubes
include the non-carbon nanotubes of Zettl et al., U.S. Pat.
No. 6,063,243, and the functionalized nanotubes of Fisher et
al., U.S. Pat. No. 6,203,814.

According to the present invention, the nanotube 1s hol-
low and has two ends, preferably wherein a first end 1s open
and a second end 1s closed. The first open nanotube end can
be blocked with an end cap so as to prevent the release of the
contents within the hollow interior of the nanotube. In a
preferred embodiment, an aptamer 1s attached to the end cap
to block the first open end of the nanotube.

Suitable end caps used to block a nanotube opening
include, for example, nanoparticles having a diameter
slightly larger than the inside diameter of the nanotube, so as
to occlude the open end of the nanotube. End caps are any
piece of matter and can be composed of materials that are
chemically or physically similar (or dissimilar) to the nano-
tube. The end cap can be a particle that has a maximum
dimension of less than 100 yum. In a preferred embodiment,
the end cap 1s of a spherical or spheroidal form. However,
end caps of other shapes, including ellipsoidal, cylindrical,
and wrregular, can also be used.

As described herein, nanotubes can be prepared to include
functionalized end caps with aptamers. A variety of methods
are available to functionalize an end cap, depending on the
composition of the end cap. For example, an end cap can be
functionalized using well-known chemical methods such as
those employed for polylactide synthesis. Functional groups
(i.c., aptamers) can be introduced to functionalized end caps
by copolymerization. Monomers derived from an amino
acid or lactic acid can be synthesized using standard meth-
ods and then used for random copolymerization with lactide.
Such functionalized end caps can allow for the application
of aptamers to the end cap.

Aptamers can be attached to proteins utilizing methods
well known 1n the art (see Brody, E. N. and L. Gold,
“Aptamers as therapeutic and diagnostic agents,” J Biotech-
nol, 74(1):5-13 (2000) and Brody, E. N. et al., “The use of
aptamers 1n large arrays for molecular diagnostics,” Mol
Diagn, 4(4):381-8 (1999)). For example, photo-cross-link-
able aptamers allow for the covalent attachment of aptamers
to proteins. Such aptamer-linked proteins can then be 1mmo-
bilized on a functionalized end cap of a nanotube. For
example, aptamer-linked proteins can be attached covalently
to a nanotube end cap, including attachment of the aptamer-
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linked protein by functionalization of the end cap surface.
Alternatively, aptamer-linked proteins can be covalently
attached to an end cap via linker molecules. Non-covalent
linkage provides another method for mtroducing aptamer-
linked proteins to an end cap. For example, an aptamer-
linked protein may be attached to an end cap by absorption
via hydrophibic binding or Van der Waals forces, hydrogen
bonding, acid/base interactions, and electrostatic forces.

Aptamer-attached end caps, according to the present
imnvention, are bound to the nanotube until the detection of a
target analyte/biomarker by the aptamer. End caps can be
attached to nanotubes using a variety of methods. Methods
for attaching an end cap to a nanotube 1nclude, but are not
limited to, using: electrostatic attraction, hydrogen bonding,
acid and/or basic sites located on the end cap/manotube,
covalent bonds, and other chemical linkages.

A volatile or “surrogate” biomarker 1s preferably present
within the hollow interior of a nanotube. Upon detection of
a target analyte/biomarker by an aptamer attached to an end
cap, the volatile or “surrogate” biomarker can be released
with the uncapping of the nanotube. The volatile or “surro-
cgate” biomarker can then be detected using a method
according to the subject invention or by devices and meth-
ods known 1n the art including, but not limited to, gas
chromatography, electronic noses, spectrophotometers to
detect the volatile biomarker’s infrared (IF), ultraviolet
(UV), or visible absorbance or fluorescence, or mass spec-
trometers to detect characteristic mass display of a “surro-
cgate” biomarker. Preferable “surrogate” biomarkers include
olfactory markers (odors) that are detectable in exhaled
breath.

According to the present 1nvention, a nanotube 1s
designed to release its volatile or “surrogate” biomarker in
the presence of a target analyte/biomarker. This 1s achieved
by linking an aptamer specific to the target analyte/biomar-
ker to the end cap of a nanotube to provide an “uncapping
mechanism.” The uncapping mechanism 1s based upon the
detection by the aptamer-end cap of surface markers on cell
types (1.e., cancer cells), proteins in the blood (i.e., PSA for
prostate cancer), or drugs in the body (i.e., illicit drugs or
therapeutic drugs). The uncapping mechanism may require
the use of energy-bearing biomolecular motors such as, but
not limited to, the actin-based system (Dickinson, R. B. and
D. L. Purich, “Clamped filament elongation model for
actin-based motors,” Biophys J., 82:605-617 (2002)).

Nanoparticle-based biosensors, according to the present
invention, can be administered utilizing methods known to
the skilled artisan. For example, nanoparticle-based biosen-
sors can be administered intravenously, intradermally, sub-
cutaneously, orally or nasally (i.e., inhalation), transder-
mally (i.e., topical), transmucosally, and via the rectum.

Nanoparticle-based sensors for use 1in an organism can be
prepared from biodegradable polymers and/or biocompat-
ible polymers. As used herein, a “biodegradable™ substance
refers to a substance that can be decomposed by biological
agents or by natural activity within an organism. Examples
of contemplated biodegradable polymers include, but are not
limited to: polyesters such as poly(caprolactone), poly(gly-
colic acid), poly(lactic acid), and polyhydroxybutrate; poly-
anhydrides such as poly(adipic anhydride) and poly(maleic
anhydride); polydioxanone; polyamines; polyamides; poly-
urethanes; polyesteramides; polyorthoesters; polyacetals;
polyketals; polycarbonates; polyorthocarbonates; polyphos-
phazenes; poly(malic acid); poly(amino acids); polyvi-
nylpyrrolidone; poly(methyl vinyl ether); poly(alkylene
oxalate); poly(alkylene succinate); polyhydroxycellulose;
chitin; chitosan; and copolymers and mixtures thereof.
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As used heremn, a “biocompatible” substance includes
those substances that are compatible with and have demon-
strated no significant toxic effects on living organisms.
Examples of contemplated biocompatible polymers include
PLG (Poly(lactide-co-glycolide)), poly(ethylene glycol),
and copolymers of poly(ethylene oxide) with poly(L-Lactic
acid) or with poly(p-benzyl-L-aspartate). In a preferred
embodiment, biocompatibility includes immunogenic com-
patability. An immunogenically compatible substance can
include a substance that, when introduced into a body, does
not significantly elicit humoral or cell-based immunaity.

Further, a number of approaches can be used to make the
surface of a nanoparticle-based biosensor according to the
present mvention both biocompatible and “stealthy.” For
example, this can be accomplished by attaching a PEG-
maleimide to the chain-end thiols on the outer surfaces of a
nanoparticle. If the nanoparticle 1s in the shape of a tube and
composed of gold or similar metals, the PEG chain can be
attached by a thiol linker as described 1n Yu, S. et al.,
“Size-Based Protein Separations in Poly(ethylene glycol)-
Derivatized Gold Nanotubule Membranes,” Nano Letters, 1,
495-498 (2001). Other examples of biocompatible polymers
and surface treatments can be found 1n Majet1 N. V. Ravi
Kumar, “Nano and Microparticles as Controlled Drug Deliv-
ery Devices,” J. Pharm. Pharmaceut. Sci., 3(2):234-258
(2000).

The present invention provides methods for assessing the
efficacy of interventions in real-time. For example, 1t 1s
known that isoprostane levels increase in cerebral spinal
fluid and blood after traumatic brain 1injury. Isoprostane may
be readily detectable 1n exhaled breath. In accordance with
the present invention, an aptamer-biosensor can be used to
detect and measure 1soprostane levels 1n patients who have
suffered traumatic brain 1njury. By measuring 1soprostane
levels, a clinician can follow the course of the brain mjury.
In addition, a nanoparticle-based aptamer-biosensor can be
incorporated mto pharmaceutical compositions to treat trau-
matic brain injury. Moreover, by presenting an i1soprostane
specific aptamer-biosensor to exhaled breath 1n accordance
with the present invention, it can be possible to evaluate the
efficacy of interventions in real-time for treating traumatic
brain injury. Accordingly, the method of the present inven-
tion can also evaluate pharmacodynamics and pharmacoki-
netics for drug interventions in individuals.

In an embodiment, a nanotube according to the present
invention can detect the appearance of cancer antigens on
the walls of cancer cells, cause uncapping which 1n turn
releases a volatile or “surrogate” biomarker that can be
readily detected 1n the breath, and thereby notify the patient
or his/her physician that a cancer cell (s) was encountered in
the patient’s body.

Exemplary Method for Diagnosing Bronchogenic Carci-
noma

In a preferred embodiment, an aptamer 1s designed for a
biomarker of bronchogenic carcinoma. Bronchogenic carci-
nomas produce carcinoma metabolites that cause the occur-
rence of O-toluidine 1n exhaled breath. An aptamer can be
designed using routine technmiques that 1s specific for
O-toluidine (O-toluidine-aptamer). The O-toluidine-aptamer
can be linked with a molecular beacon, such as an AFP, to
form an OT-biosensor. Upon exposing an OT-biosensor to
exhaled breath suspected of containing O-toluidine, the
O-toluidine-aptamer specifically binds to any O-toluidine
present and causes the molecular beacon, such as AFP, to
ogenerate a signal. Thus, a time- and cost-efficient test for the
presence of bronchogenic carcinoma 1s provided.
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Exemplary Method for Diagnosing Prostate Cancer

In another preferred embodiment, an aptamer 1s designed
for a biomarker of a specific cancer, 1.€., prostate cancer.
Prostate cancers produce a protein, prostate specific antigen
(PSA). An aptamer can be designed, using routine tech-
niques, that 1s specific for PSA (PSA-aptamer). The PSA-
aptamer can be attached to an end cap that {its on the end of
a nanotube. In a rapid test for the presence of prostate cancer,
or a recurrence, the volatile or “surrogate” biomarker 1is
released from the nanotube after PSA (the biomarker of
interest) interacts with the PSA-aptamer and “uncaps” the
nanotubes. Using any of a number of previously disclosed

detector technologies, the volatile biomarker 1s detected 1n
ecxhaled breath that indicates the presence of PSA 1in the
blood.

Screening Method According to the Present Invention

The present invention provides methods for determining,
which analytes/biomarkers and their concentrations are
likely to be detectable 1n exhaled breath. Human blood 1s
preferably employed. In one embodiment, human blood free
of potential target analytes/biomarkers i1s screened as a
baseline/control. In another embodiment, target analytes/
biomarkers are added to human blood that 1s subsequently
screened. The target analytes/biomarkers are preferably
added to human blood 1n concentrations likely to be found
in vivo 1n blood. The human blood (with or without target
analytes/biomarkers) is then placed in closed containers and
incubated at body temperature.

After incubation, the concentration of the target analyte/
compound 1s assessed 1n whole blood, plasma, 1n an ultra-
filtrate, and 1n the headspace using conventional quantita-
tive/analytic devices including, but not Iimited to, liquid
chromatography-mass spectroscopy (LS-MS) or gas chro-
matography-mass spectroscopy (GC-MS). Theoretically, the
amount of target analyte/biomarker present in the ultrafil-
trate should be proportional to the concentration detectable
in exhaled breath. Measuring the amount of target analyte/
biomarker in the headspace can provide a more accurate
assessment of target analyte/biomarker concentration in
cxhaled breath. In a preferred embodiment, human blood
samples including known target analytes/biomarkers are
placed in vials and incubated at 98° F. The concentration of
the target analyte/biomarker likely to be present in exhaled
breath 1s assessed by measuring the amount of target analyte/
biomarker present in the headspace using GC-MS.

All patents, patent applications, provisional applications,
and publications referred to or cited herein are incorporated
by reference 1n their entirety, including all figures and tables,
to the extent they are not inconsistent with the explicit
teachings of this specification.

It should be understood that the examples and embodi-
ments described herein are for illustrative purposes only and
that various modifications or changes 1n light thereof will be
suggested to persons skilled 1n the art and are to be 1included
within the spirit and purview of this application.

We claim:

1. A method for detecting a target analyte/biomarker in

cxhaled breath comprising:

a.) exposing to the exhaled breath an aptamer that selec-
tively binds to the target analyte/biomarker, wherein
the aptamer 1s linked with a molecular beacon; and

b.) detecting a signal generated by the molecular beacon
to indicate the presence of the target analyte/biomarker
in the exhaled breath,

wherein the target analyte/biomarker is selected from the
ogroup consisting of acetaldehyde, acetone, ammonia,
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CO, chloroform, dichlorobenzene, diethylamine, 2. The method according to claim 1, wherein the molecu-
hydrogen, i1soprene, isoprostane, methanethiol, meth- lar beacon 1s an amplifying fluorescent polymer.

ylethylketone, O-toluidine, pentane sulfides and sul-
fides, H,S, MES, and Me,S. £k k% ok
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